Parthenogenetic activation of porcine oocytes by using 7% ethanol, 50 or 100 M A23187 results in an increase in intracellular pH as does prolonged exposure to thimerosal. We attempt to specify which transporters or mechanisms are involved in the observed increase in intracellular pH during oocyte activation. Experiments were performed in the absence of sodium; the presence of 2.5 mM amiloride, a potent inhibitor of the Na ؉ / H ؉ antiport; in the absence of bicarbonate; and in the presence of 4,4-diisothiocyanatodihydrostilbene-2,2-di-sulfonic acid, disodium salt (H 2 DIDS) for all three activation methods. These treatments had no effect on the increase in intracellular pH induced by the calcium ionophore or thimerosal, but all reduced the increase in pH (P Ͻ 0.001) in the 7% ethanol group. This suggests that the Na ؉ /H ؉ antiport and the HCO 3 Ϫ /Cl Ϫ exchangers are not playing a role during treatment with calcium ionophore or thimerosal, and the pH increase observed during treatment with 7% ethanol may be dependent upon a sodium or bicarbonate flux (or both) into the oocyte. Bafilomycin A1 (500 nm), an inhibitor of vacuolar-type H ؉ ATPases, had no effect on 7% ethanol or thimerosal treatments, but significantly reduced the increase in intracellular pH observed during calcium ionophore treatment. This may be the result of an initial local increase in intracellular free calcium levels.
INTRODUCTION
There is a well-documented rise in intracellular pH during fertilization in the sea urchin and the toad, Xenopus laevis, [1, 2] as well as an increase in intracellular free calcium concentration ([Ca 2ϩ ] i ). Whereas the increase in calcium is commonly believed to be the essential event of oocyte activation in the sea urchin and toad, pH plays an important role in the later events of oocyte activation. These late events include the activation of oocyte metabolism and an increase in DNA and protein synthesis [3] . A few groups have searched for a similar increase in intracellular pH during fertilization and artificial activation in the mouse [4, 5] and in the rat [6] . Neither of these groups observed any change in intracellular pH levels during oocyte activation by sperm or by using 7% ethanol. Recently, our group reported an increase in intracellular pH during parthenogenetic activation of porcine in vitro matured oocytes [7] . Bovine and murine oocytes also showed species- specific increases using certain parthenogenetic activation protocols [8] . The following experiments were designed to determine the mechanism of the observed increase in intracellular pH.
In the sea urchin, the increase in intracellular pH is initiated by the activation of the Na ϩ /H ϩ antiport. The Na ϩ / H ϩ antiport works by using the sodium gradient to pump protons out of the oocyte while letting in sodium ions in a 1:1 ratio. So far, hamster, mouse, and cow oocytes have been evaluated for Na ϩ /H ϩ antiport activity. There have been two reports in the mouse, one describing the lack of Na ϩ /H ϩ antiport activity in the oocyte [9] and the other showing Na ϩ /H ϩ antiport activity [10] . In hamster and cow oocytes, Na ϩ /H ϩ antiport activity appears to be activated after fertilization [11, 12] . In our experiments we tested for the Na ϩ /H ϩ antiport, bicarbonate-dependent exchangers such as the HCO 3 Ϫ /Cl Ϫ exchangers, and vacuolar type H ϩ ATPases, all of which are involved in the regulation of intracellular pH in most cell types.
MATERIALS AND METHODS

Oocyte Maturation
Chemicals were purchased from Sigma Chemical Company (St. Louis, MO) unless otherwise indicated. Ovaries were collected from a local slaughterhouse and follicular fluid was aspirated. Immature oocytes were then filtered from the follicular fluid and selected for in vitro maturation if they possessed several layers of surrounding cumulus cells. Maturation took place in modified NCSU 23 medium [13] supplemented with 10 IU/ml eCG, 10 IU/ml hCG, 10 g/ml epidermal growth factor, 0.1 mg/ml cysteine, and 10% (v:v) porcine follicular fluid for 24 h; and then no hormonal supplementation for the last 20-24 h of maturation. Following maturation, oocytes were denuded of cumulus cells by vortexing in the presence of 0.3 mg/ml hyaluronidase for 7-8 min. Before dye loading and measurement, mature oocytes were thoroughly rinsed in Hepesbuffered Tyrodes medium containing 0.1% (w:v) polyvinyl alcohol (Hepes-TL-PVA).
SNARF-1-AM Loading
The fluorescent pH indicator, SNARF-1-AM (Molecular Probes, Eugene, OR), was used to measure intracellular pH. Matured porcine oocytes were incubated for 60-75 min at 39ЊC with 1.22 M SNARF-1-AM in Hepes-TL-PVA with 0.02% pluronic F-127 (Molecular Probes). After dye loading, the oocytes were thoroughly rinsed and stored in Hepes-TL-PVA for at least 15 min before use.
Intracellular pH Measurements
A Photoscan-2 photon-counting fluorescence microscope system (Nikon Corporation, Tokyo, Japan) was used to perform fluorescent pH measurements by calculating the ratio of SNARF-1 fluorescence emission at 640 nm and 600 nm with an excitation wavelength of 535 nm. The 535-nm wavelength was generated by a 75-watt Xenon arc lamp with appropriate bandpass filters, and emitted fluorescence was measured using two photomultiplier tubes. Intracellular pH values were calculated after background subtraction by using ratios generated using the nigericin/high K ϩ method of pH standardization using five different pH calibration solutions for each calibration [5, 9, 14] .
Intracellular Calcium Measurements
Intracellular calcium was measured as previously described [15] . Mature porcine oocytes were incubated for 30-45 min in the presence of 2 M fura-2 AM, the fluorescent Ca 2ϩ indicator (Molecular Probes) in Hepes-TL-PVA. In order to prevent compartmentalization of the dye, 0.02% pluronic F-127 was also added. After the dye was loaded, individual oocytes were treated with the respective agonists and the changes in [Ca 2ϩ ] i were recorded using the sane Photoscan-2 photon-counting fluorescence microscope system that was used for pH measurements. The oocytes were alternatively illuminated with 340-and 380-nm wavelength light and the emitted fluorescence was measured at 510 nm with a photomultiplier tube after background subtraction. Levels of [Ca 2ϩ 
Media
Activation by using 7% ethanol and 200 M thimerosal treatment was performed in Hepes-TL-PVA. Calcium ionophore treatment was performed in Tris-buffered medium, which is routinely used for in vitro fertilization [16] . In some experiments the medium was altered to be sodiumfree, in which Na ϩ was replaced by choline, or bicarbonatefree, in which sodium bicarbonate was excluded from the recipe.
Inhibitors amiloride, hydrochloride, dihydrate (Amiloride; Molecular Probes) and 4,4Ј-diisothiocyanatodihydrostilbene-2,2Ј-di-sulfonic acid, disodium salt (H 2 DIDS; Molecular Probes) are water-soluble and were dissolved directly in the medium. Amiloride-containing medium was made fresh the morning of the experiment, whereas H 2 DIDS was added just before pH analysis was begun and was not used if it was more than 1 h old. The inhibitor, Bafilomycin A1 (Sigma), was dissolved in dimethyl sulfoxide (DMSO) and added to the medium during experimentation to a final concentration of 500 nM.
Activation
Ethanol activation. In the pig oocyte, 5 min of treatment with 7% ethanol results in approximately 22% pronuclear development [17] . In the following studies, baseline intracellular pH was measured and then ethanol activation was achieved by adding 14 l of absolute ethanol to 186 l of Hepes-TL-PVA medium, which resulted in a final concentration of 7% ethanol.
Thimerosal activation. While prolonged treatment with thimerosal resulted in destruction of the meiotic spindle apparatus withing the oocyte, treatment with 200 M thimerosal (a sulfhydryl oxidizing reagent) for 10 min followed by 8 mM dithiothreitol (DTT; a sulfhydryl reducing agent) treatment for 30 min resulted in 73.8% pronuclear formation in porcine oocytes [18] . One-ml aliquots of Hepes-TL-PVA containing 200 M thimerosal were frozen at Ϫ20ЊC and, on the morning of the experiment, were thawed and allowed to equilibrate for at least 2 h. For the treatment, oocytes were placed into the medium containing 200 M thimerosal and measurements were immediately initiated (Ͻ1 min).
Calcium ionophore. In the presence or absence of extracellular calcium, the calcium ionophore, A23187, can induce porcine oocyte activation. Treatment with 50 l of A23187 for 2 min resulted in approximately 72% pronuclear formation. This activation is accompanied by an increase in intracellular pH and results in development to the blastocyst stage [19] . For the following studies, calcium ionophore A23187 was dissolved in DMSO and stored at Ϫ20ЊC until use. Just before measurements, the A23187 was then diluted to a final concentration of 100 or 200 M of A23187 with in vitro fertilization medium. During treatment, either 50 l of 100 M A23187 was added to 50 l of in vitro fertilization medium without A23187 for a final concentration of 50 M A23187, or 50 l of 200 M A23187 was added to 50 l of IVF medium without A23187 for a final concentration of 100 M of A23187.
Statistical Analysis
The Multivariate General Linear Hypothesis program of SYSTAT [20] and a protected LSD (P Ͻ 0.05) were used to analyze differences in response to activation treatments and the use of different media, inhibitors, or both. Data were collected on more than 1 day for each treatment to rule out the possibilities of day-to-day variation.
RESULTS
Activation in Sodium-Free Medium and Medium Containing 2.5 mM Amiloride
The objectives of this set of experiments were to determine whether the pH increases observed during porcine parthenogenetic activation and prolonged thimerosal treatment are sodium-dependent or, more specifically, the result of an amiloride-sensitive Na ϩ /H ϩ antiport (Fig. 1) . Treatment with 7% ethanol resulted in an average increase in intracellular pH of 0.096 Ϯ 0.007 (n ϭ 6). Seven percent ethanol treatment in Na ϩ -free medium resulted in an intracellular pH increase of 0.046 Ϯ 0.007 (n ϭ 7), and in medium containing 2.5 mM amiloride, an inhibitor of Na antiport activity, an increase of 0.028 Ϯ 0.007 (n ϭ 7). All treatments were significantly different (P Ͻ 0.001).
Thimerosal treatment (50 min) resulted in an average intracellular pH increase of 0.798 Ϯ 0.023 (n ϭ 8). This increase was not significantly different (P Ͼ 0.58) from treatments performed in Na ϩ -free medium (0.763 Ϯ 0.023, n ϭ 8), or in medium containing 2.5 mM amiloride (0.774 Ϯ 0.025, n ϭ 7). Treatment with 50 M A23187 resulted in an average increase in intracellular pH of 0.183 Ϯ 0.017 (n ϭ 8). This increase in intracellular pH was also not significantly different (P ϭ 0.26) from treatments performed in Na ϩ -free medium (0.144 Ϯ 0.017, n ϭ 8), or in medium containing 2.5 mM amiloride (0.158 Ϯ 0.018, n ϭ 7).
Activation in Bicarbonate-Free Medium and Medium Containing H 2 DIDS
The objectives of this set of experiments were to determine whether the pH increases observed during parthenogenetic activation and prolonged thimerosal treatment are bicarbonate-dependent or, more specifically, the result of a sodium-dependent or -independent HCO 3 Ϫ /Cl Ϫ exchanger (Fig. 2) . Treatment with 7% ethanol resulted in an average increase in intracellular pH of 0.070 Ϯ 0.004 (n ϭ 19).
Seven percent ethanol treatment in HCO 3
Ϫ -free medium resulted in an intracellular pH increase of 0.015 Ϯ 0.005 (n ϭ 13), and in medium containing 200 M H 2 DIDS, an inhibitor of HCO 3 Ϫ /Cl Ϫ exchange, an increase of 0.050 Ϯ 0.006 (n ϭ 10). All treatments were significantly different (P Ͻ 0.001). Thimerosal treatment (50 min) resulted in an average intracellular pH increase of 0.706 Ϯ 0.042 (n ϭ 10). This increase was not significantly different (P ϭ 0.42) from treatments performed in bicarbonate-free medium (0.697 Ϯ 0.034, n ϭ 15), or in medium containing 200 M H 2 DIDS (0.802 Ϯ 0.052, n ϭ 6). Treatment with 50 M A23187 resulted in an average increase in intracellular pH of 0.148 Ϯ 0.008 (n ϭ 16). This increase in intracellular pH was also not significantly different (P ϭ 0.23) from treatments performed in bicarbonate-free medium (0.135 Ϯ 0.008, n ϭ 16), or in medium containing 200 M H 2 DIDS (0.126 Ϯ 0.010, n ϭ 11).
Activation in Medium Containing 500 nm Bafilomycin A1
Because the most common of the intracellular pH regulation mechanisms are unable to explain the observed increase in intracellular pH during our treatments, we decided to determine if H ϩ ATPases may have played a role. Bafilomycin A1 is an inhibitor of vacuolar-type ATPases. Addition of 500 nM Bafilomycin A1 had no significant effect upon 7% ethanol or 200 M thimerosal treatment groups compared with control groups in which no Bafilomycin A1 was added (P ϭ 0.24 and P ϭ 0.31, respectively; Fig. 3 ). Addition of Bafilomycin A1 during 100 M A23187 treatment significantly reduced the intracellular pH increase (0.062 Ϯ 0.013; n ϭ 8) compared with control oocytes in which no Bafilomycin A1 was added (0.142 Ϯ 0.013; n ϭ 8; P Ͻ 0.01).
Intracellular Free Calcium During Activation Using A23187 in the Presence of Bafilomycin A1
Bafilomycin A1 treatment partially blocks the increase in intracellular pH when parthenogenetically activating porcine oocytes with the calcium ionophore A23187. Intracellular free calcium levels were measured using the dye fura-2 during parthenogenetic activation with A23187 either in the presence of 500 nM Bafilomycin A1 or in its absence in control oocytes. In control oocytes, intracellular free calcium levels immediately rise when the ionophore is added and then recover to baseline free calcium levels within 3 to 4 min (Fig. 4A) . When activation is performed in medium containing Bafilomycin A1, intracellular free calcium levels rise more slowly and are unable to recover from the rise in intracellular free calcium levels as the control oocytes do (Fig. 4B) . FIG. 4 . Intracellular free calcium levels during porcine oocyte activation using calcium ionophore A23187 in control medium (A) and medium containing 500 nM Bafilomycin A1 (B).
FIG. 5.
Model of intracellular pH increase during oocyte activation using 7% ethanol, thimerosal, or calcium ionophore A23187. Seven percent ethanol activation produces an increase in intracellular pH partially through use of the Na ϩ /H ϩ antiport and partially by the HCO 3 Ϫ /Cl Ϫ exchangers. Prolonged exposure to thimerosal induces an increase in intracellular pH by an as-yet-unknown mechanism. Calcium ionophore induces an increase in intracellular pH through a mechanism involving the H ϩ ATPases.
DISCUSSION
Intracellular pH regulation is commonly accomplished using three major transporters. In the acidic range, the Na ϩ / H ϩ antiport and the Na ϩ -dependent HCO 3 Ϫ /Cl Ϫ exchanger are used, whereas in the basic range, the Na ϩ -independent HCO 3 Ϫ /Cl Ϫ exchanger is generally used [21] . In the sea urchin, activation of the Na ϩ /H ϩ antiport is responsible for the increase in intracellular pH at the time of fertilization [1] . Therefore, studies were undertaken to determine which transporters appear to be involved in the increase in intracellular pH that was observed in our porcine oocytes. The involvement of the Na ϩ /H ϩ antiport was investigated by using sodium-free medium and medium containing 2.5 mM amiloride. The Na ϩ /H ϩ antiport is believed to use the sodium gradient to bring sodium into the oocyte and protons out of the oocyte in a 1:1 ratio; thus, removal of sodium from the external medium severely inhibits activity of the transporter. Amiloride is believed to work in the reverse by competitively binding the external sodium site of the transporter [21] . The presence of the Na ϩ -dependent HCO 3 Ϫ /Cl Ϫ exchanger was also investigated. It works to raise intracellular pH by using the sodium gradient. Sodium and bicarbonate enter the cell while chloride exits the cell. The transporter will not work if sodium or bicarbonate is missing. We tested the exchanger by using HCO 3 Ϫ -free medium and medium containing an inhibitor of the Na ϩ -independent HCO 3 Ϫ /Cl Ϫ exchanger, 200 M H 2 DIDS [22] . H 2 DIDS is a stilbene derivative that irreversibly blocks the HCO 3 Ϫ /Cl Ϫ exchangers through the reaction of the stilbenes' isothiocyano moieties with a free amine on the transporter, producing an N,N-disubstituted thiourea [23] . The results of these studies using bicarbonate-free medium and medium containing H 2 DIDS suggest that the increase in intracellular pH observed during activation of porcine in vitro matured oocytes is sodium-and bicarbonate-independent when treating with either thimerosal or calcium ionophore (i.e., not the result of the Na ϩ /H ϩ antiport or the Na ϩ -dependent HCO 3 Ϫ /Cl Ϫ exchanger. When using 7% ethanol, however, the increase in intracellular pH appeared to be partially sodium-and bicarbonate-dependent, suggesting the use of the Na ϩ /H ϩ antiport, the HCO 3 Ϫ /Cl Ϫ exchangers, or both. To further investigate the mechanism of intracellular pH increase using the three treatments described, an inhibitor of H ϩ ATPases, Bafilomycin A1, was also used [24, 25] . Bafilomycin A1 inhibits the acidification of lysosomes by blocking proton translocation and, therefore, the degradation of endocytosed protein by the lower pH of the vesicles. Vacuolar-type H ϩ ATPases, which were once believed to be present only within the cell, have now been shown to be present in the plasma membrane as well [26] [27] [28] . In these studies, Bafilomycin A1 had no effect on the intracellular pH increase observed when using 7% ethanol or 200 M thimerosal. Calcium ionophore treatment was affected by the Bafilomycin A1, which partially inhibited the intracellular pH increase. The first model we considered for the diminished pH increase during activation with A23187 in the presence of Bafilomycin A1 was that A23187 caused a calcium influx; the subsequent increase in calcium in turn activated the H ϩ ATPase. Swallow and coworkers [29] showed that in macrophages, an increase in free calcium turns on vacuolar-type H ϩ ATPases. If a similar mechanism occurred in our oocytes, Bafilomycin A1 could then block the intracellular pH increase without affecting the calcium ionophore influx of calcium.
In contrast to this prediction, Bafilomycin A1 slowed the increase in [Ca 2ϩ ] i and diminished or prevented the recovery to baseline levels. One explanation for this phenomenon is that incoming calcium causes only a local change in free calcium concentration, which in turn activates the H ϩ ATPase. This model accounts for the Bafilomycin A1 inhibition of the pH change and the initial inhibition of the calcium increase. This local calcium activation of the H ϩ ATPase causes an intracellular decrease in protons. The local change in free calcium along with the decreased proton concentration are, together, responsible for the calcium burst within the cell. The more rapid recovery of calcium concentrations in the cells without Bafilomycin A1 may be the result of greater activity of the plasma membrane calcium pump in the more alkaline cytoplasmic environment. The extended or absent recovery to baseline free calcium concentrations in the presence of Bafilomycin A1 may be the result of lower activity of the plasma membrane calcium pumps in the basal (less alkaline) cytoplasmic environment. The plasma membrane calcium pump mediates calcium proton exchange [30, 31] and slightly alkaline cytoplasmic pH values would be expected to reduce the inhibition of the pump by cytosolic protons. Further experiments are required to test this hypothesis.
In conclusion, the results indicate that an increase in intracellular pH accompanies parthenogenetic activation of porcine oocytes when using ethanol and calcium ionophore, as well as prolonged exposure to thimerosal. Figure 5 outlines proposed mechanisms for the increase in intracellular pH using each of the parthenogenetic activators. Although there is an increase in intracellular pH with all three treatments, it is clear that the mechanisms of activation are quite different. Seven percent ethanol treatment produces an increase in intracellular pH that is partially both sodium-and HCO 3 Ϫ -dependent, but not dependent upon H ϩ ATPases. Thimerosal treatment results in an increase in intracellular pH that is not dependent on external sodium or bicarbonate, or the result of proton translocation by H ϩ ATPases. Calcium ionophore treatment results in an increase in intracellular pH that is not dependent upon external sodium or bicarbonate, but that may be dependent upon an initial increase in intracellular free calcium levels. Further studies are needed to determine the additional mechanism or mechanisms for the intracellular pH increase observed with 7% ethanol and to determine the method of intracellular pH increase during treatment with thimerosal and the calcium ionophore, A23187.
